In dentistry, the maintenance of a vital dental pulp is of paramount importance, as teeth devitalized by root canal treatment may become more brittle and prone to structural failure over time. Advanced carious lesions can irreversibly damage the dental pulp by propagating a sustained inflammatory response throughout the tissue. While the inflammatory response initially drives tissue repair, sustained inflammation has an enormously destructive effect on the vital pulp, eventually leading to total necrosis of the tissue and necessitating its removal. The implications of tooth devitalization have driven significant interest in the development of bioactive materials that facilitate the regeneration of damaged pulp tissues by harnessing the capacity of the dental pulp for self-repair. In considering the process by which pulpitis drives tissue destruction, it is clear that an important step in supporting the regeneration of pulpal tissues is the attenuation of inflammation. Macrophages, key mediators of the immune response, may play a critical role in the resolution of pulpitis due to their ability to switch to a pro-resolution phenotype. This process can be driven by the resolvins, a family of molecules derived from fatty acids that show great promise as therapeutic agents. In this review, we outline the importance of preserving the capacity of the dental pulp to self-repair through the rapid attenuation of inflammation. Potential treatment modalities, such as shifting macrophages to a pro-resolving phenotype with resolvins are described, and a range of materials known to support the regeneration of dental pulp are presented.
Introduction
One of the most significant challenges in modern dentistry is the maintenance of a vital dental pulp. Due to the implications of root canal therapy, which results in a permanently devitalized tooth more susceptible to structural failure. There is an increasing desire to provide better options for endodontic therapy, effectively expanding the tools available in clinical dentistry. It is the desire to drive regeneration in the dental pulp that has prompted research into bioactive materials for use in regenerating dental pulp. True innovation in developing novel endodontic therapies will involve utilizing materials which facilitate the regeneration of the dental pulp from any remaining, vital pulp tissues, effectively harnessing the innate capacity of the tooth for self-repair. This review will explore the most prevalent cause of pulpal necrosis, bacterially induced tissue inflammation, and highlight the importance of attenuating this inflammation in order to support and facilitate dental pulp regeneration.
The Dental Pulp
The dental pulp itself is a unique and complex tissue serving to support the dentin, which provides the main structural component of the tooth organ. Its basic structure is well characterized and has been widely described (1) (2) (3) . The pulp tissue itself is composed of collagen type I and type III, along with a variety of non-collagenous proteins, including a large proteoglycan component (4) . There are a variety of cell types present in the pulpal tissue, including immune cells, fibroblasts, mesenchymal progenitor cells, vascular cells and nerve cells (5) (6) (7) (8) (9) (10) (11) . Lining the pulp chamber is a layer of columnar odontoblasts, which have cellular projections associated with a system of fluid-filled tubules running through the dentin to the dentino-enamel junction (1, 12) . These are cells directly responsible for the maintenance of the mineralized dentin during routine loading of the tooth. Fibroblasts are the most numerous cells in the dental pulp and maintain the collagen matrix of the pulpal tissue, and a population of immune cells, in particular tissue macrophages, hold themselves ready to respond to microbial incursion (2, 3, 5) . A network of blood vessels runs throughout the pulp, perfusing the tissue and providing respiratory support (2, 3) . Networks of nerve fibers provide enervation to the tissue, linking it with the central nervous system and providing sensory output (2, 3) . This complex and dynamic environment is preserved in a delicate balance, with the odontoblasts maintaining the mineralized tissues, and the other cells types effectively positioned to support the activity of the odontoblasts. A resident population of mesenchymal progenitor cells provides a reservoir of pluripotent cells capable of differentiation into a variety of cells as required for tissue maintenance and repair (13) . The progenitor cells in particular are critical to the long term function of the whole tooth and are therefore a critical target when considering the design of bioactive materials intended to encourage dental pulp regeneration.
The Capacity of the Dental Pulp for Self-Repair
It is widely accepted that the tooth organ has an innate capacity for self-repair and contains all the necessary components to regenerate both the mineralized dentin and the soft tissues of the pulpal matrix. It is established that odontoblasts respond to microbial colonization of the dentinal tubules by producing sclerotic 'reactionary' dentin in an attempt to block infected tubules, thus creating a barrier between the invading microbes and the pulp tissue (14, 15) . In more advanced carious lesions, the inflammatory response causes cell death among odontoblasts and other cells of the pulp. Mesenchymal progenitor cells are subsequently recruited to the site of cell death and are driven by a cascade of signals, including degradation products from the dentin matrix, to differentiate into odontoblasts and begin synthesizing 'reparative' dentin (7, 10, 11, 16, 17) . Dental pulp also contains a population of multipotent cells capable of responding to injury. In vitro, isolated human dental pulp progenitor cells have also been shown to be capable of differentiation into a variety of cell types, including osteoblasts, adipocytes, and chondrocytes (17, 18) . Dental pulp derived progenitor cells have also been shown to have vasculogenic potential, both in vitro and when implanted into a murine model of hind limb ischemia (19) . In vivo, the capability of the dental pulp to respond to damage has been elegantly modeled by Six and colleagues, who demonstrated that exposing rat molar pulp results in increased PCNA expression and reparative dentin formation around the site of injury, indicating increased cell proliferation and differentiation in response to dental tissue damage (20) . Further, progenitor cells isolated from dental pulp and selected on the basis of their vasculogenic potential are capable of regenerating functional dental pulp with normal blood flow when encapsulated into collagen gels containing granulocyte colony stimulating factor (GCSF) and implanted into pulpectomized canine teeth (21) . Embryonic mesenchymal progenitor cells from a developing tooth germ, when combined with human gingival epithelial cells in a renal capsule system, are capable of forming whole teeth, complete with developing roots and pulp structures (22) .
This work clearly demonstrates that the dental pulp has the theoretical capacity to regenerate both mineralized tissues and functional, complex pulp tissues. The ability of the pulp to synthesize reparative mineralized tissue in response to the destruction of the dentin matrix is of critical importance clinically. This matrix is required for the formation of a dentin bridge between dental restorations and surrounding dentin, preventing the continuum of microleakage, reinfection, and ultimate failure of the restoration (23) (24) (25) . In terms of pulpal soft tissue regeneration, the diversity of cell types which can arise from pulpal mesenchymal progenitor cells represent an opportunity to repair and restore functional dental pulp, even in cases where significant amounts of necrotic tissue have been extirpated.
In healthy and intact teeth, the dental pulp is highly effective at maintaining the structure of the tooth over relatively long periods of time, due to a capacity to respond to damage and initiate repair. It is when this equilibrium is disrupted by damage to the pulp tissue caused by trauma or the formation of a carious lesion, that the integrity of the tooth is undermined.
Inflammation in the Dental Pulp
Inflammation resulting from the formation of infected dental caries is a factor that commonly causes a disruption to the dynamic equilibrium of the dental pulp ( Figure 1 ). Bacteria from the oral cavity, for example Streptococcus mutans, a key organism identified in the formation of carious lesions, attach to the enamel surface, eventually forming a biofilm which may consist of an entire mixed-population ecosystem of organisms including, lactobacilli, non-mutans streptococci and Actinomyces (26, 27) . The species found in these biofilms are acidogenic and are fed by fermentable carbohydrates from the oral cavity, causing an acid-erosion of the mineralized enamel as a result of their metabolic processes, damaging the enamel matrix and enlarging the lesion (26) (27) (28) . Once the bacteria erode the enamel and reach the dentin, they readily spread through the fluid-filled dentinal tubule system and rapidly cause an enlargement of the tooth area affected by the lesion. As bacteria colonize the tubules and draw nearer to the dental pulp, lipopolysaccharide (LPS) from bacterial cell walls penetrates the pulp and stimulates an inflammatory response from a variety of cells resident in the tissue (14, 29) . Macrophages and neutrophils, as in many tissues, are important mediators of the innate inflammatory response in the dental pulp (5, 30) . As inflammation progresses, B and T cells of the acquired immune system also infiltrate the pulp and contribute to the inflammatory response from the tissue (30) . Once activated by LPS, these immune cells mediate the destruction of the pulpal tissues by secreting a range of pro-inflammatory cytokines, prime examples being Il-1β and TNFα, and tissue degrading enzymes such as matrix metalloproteinases (MMPs) (31) (32) (33) . Initially inflammatory mediators are critical drivers of the repair process and stimulate reparative dentin formation by odontoblasts and the differentiation of progenitor cells into a repair phenotype (6, 34, 35) . If expression of these mediators persists however, inflammation becomes sustained in the pulp, creating a maelstrom of cytotoxic and tissue disrupting effects ultimately leading to tissue necrosis (8, 29, 31, 32, 36, 37) .
The process of pulpal inflammation has been modeled in a number of experimental systems. Interstitial fluid isolated from rat dental pulp stimulated with LPS contains increased levels of locally produced IL-1α, IL-1β and TNFα (38) . In a study using an organotypic rat mandible section model, Roberts and colleagues demonstrated that the addition of Streptococcus anginosus group bacteria to whole dental pulp tissues upregulates the expression of IL-1β and TNFα by resident cells, leading to the destruction of pulpal tissues (39) . Interestingly, odontoblasts themselves are also capable of initiating an inflammatory response (40) . LPS stimulation of odontoblasts in a tooth crown organotypic culture model, caused an up-regulation of IL-1β, TNFα and IL-8 (41) . When the same culture model was prepared using teeth with advanced caries, up-regulation of IL-1β and TNFα by native odontoblasts was observed (41) . Odontoblasts have also been shown to induce neutrophil migration via IL-8 secretion in response to LPS stimulation (42) .
In clinical terms, if there is any chance of regenerating pulpal tissues, it is clear that the lesion must be cleared of any microbial presence and pulpitis must be efficiently attenuated, preventing the destruction of the tissue, thereby facilitating the recruitment and differentiation of mesenchymal progenitor cells into repair phenotypes. The first battle is clearly against the microbial presence in a carious lesion. There is however, a second, equally critical struggle against the pro-inflammatory environment in the pulp created by these microbes, which can not only damage the tissue, but also interfere with its ability to self-repair.
Controlling Pulpitis to Create a Regenerative Environment
As acute, reversible inflammation in response to a microbial presence becomes established in the pulp, it enters a chronic phase, which can become self-sustaining and irreversible. Sustained pulpal inflammation not only damages the pulp tissue, but also actively prevents the repair response by down-regulating the recruitment and differentiation of mesenchymal progenitor cells (8, 29, 31, 32) . Macrophages play a pivotal role in the innate immune response, and it is now well-established that they are capable of responding to various complex stimuli, by polarizing into either pro-inflammatory (M 1 ) or pro-resolution (M 2 ) phenotypes, with many subtle variations on these two broad classifications (43) (44) (45) (46) . Macrophages arise from monocytes, homing to sites of tissue damage or infection and polarizing into an M 1 or M 2 phenotype (45). This polarization has been shown to be reversible (46) , meaning that it is quite possible for macrophages to switch between these two states, given the appropriate conditions (Figure 2 ). Macrophages stimulated with IL-10 and TGFβ decrease the production of inflammatory cytokines, such as TNFα, by induced M 1 macrophages, inhibit the proliferation of CD4 + T cells and induce regulatory T cell formation (47) .
The reversible switching of macrophages between M 1 and M 2 phenotypes presents a unique opportunity for the treatment of pulpitis. Relatively large numbers of M 1 macrophages are present during any inflammatory response, for example in the pulp in apposition to an advancing carious lesion. If these cells could be converted to a pro-resolving M 2 phenotype, they would be effectively recruited to actively create an environment favoring the resolution of inflammation, thereby restoring the balance in favor of tissue regeneration. Factors that encourage this transition are of critical interest when considering bioactive material design. The specialized pro-resolving lipid mediators (SPM), for example, are a family of molecules derived from poly-unsaturated fatty acids. This group of molecules is highly diverse and includes the resolvins, protectins, lipoxins and maresins (48) . These molecules have been shown to have a substantial range of anti-inflammatory actions in diverse tissues and have been widely reviewed in the literature (48) (49) (50) (51) (52) (53) (54) (55) (56) . The resolvins in particular have shown great promise as potential therapeutic agents in attenuating inflammation.
Resolvins for the Potent Resolution of Inflammation
Resolvins may have great efficacy in the treatment of pulpal inflammation and the preservation or regeneration of a vital dental pulp. The resolvins are a group of molecules that were first described by Serhan and colleagues (57) . Two broad classes of resolvins have been characterized: the E-series, which are derived from eicosapentaenoic acid and the Dseries derived from docosahexaenoic acid (48, 56) . There are several key pathways for the synthesis of the resolvins in vivo, including via aspirin-acetylated COX2 enzymes for the Eseries and the aspirin-triggered subgroup of the D-series (49, (58) (59) (60) . Resolvins exert numerous potent anti-inflammatory effects, such as decreasing the migration and activation of neutrophils (59, 61, 62) , inhibiting the production of IL-12 by dendritic cells (63) , enhancing the appearance of M 2 phenotype pro-resolving macrophages (62, 64) and have been shown to decrease the inflammatory response in murine models of dermal inflammation, peritoneal inflammation and colitis (57, 58, 64, 65) .
Resolvin E1 (RvE1) has shown efficacy in a dental context. RvE1 acts to down-regulate NF-κβ through the ligand specific receptor Chem R23, which is expressed by a number of cell types, including monocytes/macrophages, neutrophils, dendritic cells and T cells (49, 63, 66) . In a particularly interesting study, Hasturk and colleagues demonstrated that directly applied RvE1 was remarkably effective in stimulating mineralized tissue repair in a ligatureinduced model of periodontitis compared to carrier treated controls (67) . Further, it has been shown that bone loss can be substantially attenuated by RvE1 treatment, via increased production of osteoprotegerin (OPG) by osteoblasts, which decreases osteoclast activation via the Rank/RankL pathway (68) . These studies suggest that the delivery of RvE1 stimulate regeneration by resolving the initial inflammatory response in diseased pulp, shifting macrophages from their pro-inflammatory M 1 state to a pro-resolving M 2 phenotype. This would allow healing of both soft and mineralized dental tissues to progress. Currently however, the potential of RvE1 to resolve pulpitis and subsequently enhance dental pulp tissue regeneration remains relatively unexplored. While showing great promise, the delivery of such endogenous molecules into a complex tissue environment must be approached with some caution, due to the possibility of an unforeseen host reactions, which could result in increased inflammation and necrosis of the tissue.
Materials to Support Pulpal Regeneration
Currently in clinical practice, restorative materials have little bioactivity and few innate antiinflammatory properties; for example the gutta percha used in root canal procedures. While there are many materials that do not actively stimulate an immune response, the lack of active anti-inflammatory and regenerative materials currently available to endodontists significantly limits treatment options conducive to pulpal regeneration. Endodontic tissue engineering scaffolds, to be truly effective in diseased pulpal tissues, will have to address the initial microbial infection and attenuate inflammation in order to stimulate a repair response, either through their innate properties or by the delivery of antimicrobial and antiinflammatory molecules which perform these functions. Accordingly, there have been a wide variety of materials proposed in the literature as candidates for endodontic use, which include both synthetic peptide constructs and hydrogels formed from biomimetic or naturally occurring molecules.
Numerous synthetic polymer scaffolds have been proposed as dental tissue engineering scaffolds. Polyglycolic acid (PGA) and polylactic acid (PLA) are biodegradable polyesters which can be derived from a variety of renewable sources and have been proposed for use in dental pulp tissue engineering (69) (70) (71) . Scaffolds formed from PGA have been shown to support the adhesion and proliferation of pulpal fibroblasts (71) . PLA scaffolds support the adherence of both isolated dental pulp progenitor cells and cells from ex vivo human pulp tissues (70, 72) . When a copolymer of PGA and PLA, poly(lactic-co-glycolic acid) (PLGA), is seeded with dental pulp progenitor cells it has been shown to support the formation of pulp-like tissue in both rabbit and mouse xenograft models (73) (74) (75) . Polyethylene glycol (PEG) is another commonly used polymer in tissue engineering (69, (76) (77) (78) . Dental pulp progenitor cells attach to electrospun PEG scaffolds and have been transduced to form 3-D collagen structures (79) . Synthetic scaffolds have been used to deliver a variety of antiinflammatory agents such as ibuprofen, dexamethasone, diclofenac, rolipram and many others (80) (81) (82) (83) (84) . Such scaffolds, which have been shown to support the regeneration of pulpal tissues, could also be used to deliver these or other anti-inflammatory molecules such as the resolvins in order to control pulpitis, thereby facilitating pulpal repair. From the perspective of endodontic regeneration, these polymers are attractive due to their handling properties and relative ease of production, but bear little resemblance to the native extracellular environment of the dental pulp.
There is also significant interest in using biomimetic scaffolds composed of 'natural' materials, although these are generally not as mechanically resilient as synthetic polymer scaffolds. Hydrogels formed from collagen have been widely used to culture dental pulp progenitor cells in vitro and as a vehicle to deliver cells, growth factors and antiinflammatory molecules in various animal models, with some success in regenerating pulplike tissues (21, (85) (86) (87) . Collagen is, of course, prevalent in the extracellular milieu, and is therefore highly compatible with cells and tissues. Hydrogels formed from collagen are, however, often structurally weak and chemical cross-linking to improve gel stiffness often leads to decreased cyto-compatibility (69, 88, 89) . Similarly, fibrin has been proposed as a candidate for tissue engineering scaffolds in various applications, due to its association with blood clotting and cell adherence in vivo, although it shares the structural disadvantages of collagen (89) (90) (91) . Alginate is a naturally occurring polysaccharide that can be formed into porous hydrogels, which has been widely proposed for use in a variety of tissue engineering applications (92) . These hydrogels are compatible with mesenchymal progenitor cells derived from the gingiva and periodontal ligament, and, when loaded with TGFβ1, induced odontoblast-like cell differentiation in a human tooth slice model (93, 94) . Collagen and fibrin scaffolds have also been used as delivery systems for a variety of molecules with antiinflammatory properties such as IL-10, desulfated hepatin, and neurotrophin-3 among others, and could conceivably be used to address inflammation in the context of pulpal regeneration (95) (96) (97) . While these scaffolds, by definition, more closely resemble native dental pulp tissue, establishing control over their specific composition can be difficult, and can undermine both their biocompatibility and structural integrity.
Self-Assembling Peptide Hydrogels as Scaffolds in Pulpal Regeneration
The development of self-assembling peptides in the past decade has provided a new class of tissue engineering scaffolds, which have shown good biocompatibility, excellent handling properties, and strong potential as a carrier material for anti-inflammatory and bioactive molecules. Multidomain peptides (MDP), for example, are synthetic peptides that form hydrophobic 'sandwiches' from single β-sheets, which in turn self-assemble into multisubunit nanofibers (Figure 3) (98, 99) . These fibers can be non-covalently cross-linked to form porous, nano-fibrillar hydrogels (100-104). The non-covalent nature of the fiber crosslinking interactions within MDP hydrogels allows the material to thin into a liquid state when shear forces are applied and to recover into a solid hydrogel after shearing (102, 105, 106) . MDP scaffolds are therefore injectable, allowing relatively easy application to irregularly sized defects, as found in dental caries, and also allow easy homogenization of bioactive molecules (102, 105) . Furthermore, MDPs are highly customizable, as their physio-chemical properties can be manipulated by changes to their primary amino acid sequence. For example, bioactive peptide sequence motifs have also been included in MDP scaffolds, such as an RGD cell-adhesion sequence designed to increase cell attachment and an MMP-2 vulnerable cleavage site, which enhances the biodegradability of the hydrogel (100, 106, 107) .
There is a growing body of evidence to suggest that self-assembling peptide hydrogels are feasible as a biocompatible matrix and capable of supporting the growth and differentiation of dental pulp progenitor cells. MDP scaffolds are effective carriers for a number of growth factors, including TGFβ1, VEGF and FGF-2 and when used as a scaffold for dental pulp progenitor cells in a murine xenograft system, formed dental pulp-like tissue, complete with odontoblast-like cells (106) (107) (108) . Puramatrix™, a commercially available self-assembling peptide, supports the attachment and proliferation of isolated dental pulp progenitor cells (105) . These hydrogels, with their unique handling properties, biocompatibility and suitability as a carrier material may be an excellent vehicle to deliver resolvins or other antiinflammatories to treat pulpitis, and thereby facilitate pulpal regeneration.
Conclusion
The ability to regenerate dental pulp tissue would be a significant advancement in the field of endodontics, as it would provide an alternative to root canal therapy for teeth with advanced pulp damage. One of the most significant barriers to the regeneration of diseased and substantially damaged dental pulp tissue is pulpitis. In recent years, there have been significant achievements within the field of tissue engineering, including the development of many scaffolds that support mesenchymal progenitor attachment and differentiation. It is critical however to note that attempts to regenerate dental pulp will generally take place in the context of pulpal disease, where the pulp has been damaged by microbial incursion and the resulting inflammatory response. Therefore it will be crucial to combine these materials with treatment modalities that address the underlying pathologies associated with irreversible damage to dental pulp tissues, for example the rapid attenuation of pulpal inflammation and the clearance of microbes. While challenges in dental pulp tissue engineering remain, advances in tissue engineering will hopefully continue to drive the development of targeted therapies and materials which are rationally designed to regenerate dental pulp, in even the most challenging clinical situations. Normal pulp contrasted with diseased pulp. In the normal pulp, odontoblasts are supported and renewed by a population of multipotent mesenchymal progenitor cells. This pool of cells can be drawn upon to regenerate pulp tissues and odontoblasts that are damaged by the formation of carious lesions or trauma. In the diseased pulp, bacterial biofilms form on the surface of the tooth, destroying the matrix of the enamel. When bacteria reach the fluid filled dentinal tubules, they rapidly spread through the dentin, enlarging the lesion and bringing the pulp in contact with LPS. LPS activated immune cells, for example macrophages, produce a number of inflammatory cytokines, causing widespread destruction of the pulpal tissues and impairing the recruitment and differentiation of the mesenchymal progenitor cells. Inflammation is therefore a significant barrier to dental pulp regeneration. Macrophage polarization. Macrophages can switch between M 1 pro-inflammatory and M 2 pro-resolving phenotypes given appropriate stimuli. Bacterial LPS drives polarization into an M 1 phenotype and results in the production of a variety of pro-inflammatory cytokines, ultimately leading to pulp tissue damage. By contrast, various anti-inflammatory molecules such as Il-4, Il-13 and specialized pro-resolving lipid mediators such as the resolvins stimulate M 2 phenotype polarization. M 2 macrophages produce anti-inflammatory cytokines and a variety of growth factors, which in turn support tissue repair. A: The chemical structure of a multidomain peptide (MDP), K 2 (SL) 6 K 2 , which forms a facial amphiphile in water. The termini of the peptide consist of lysine residues, which are positively charged at physiological pH. B: Two MDPs align to form a 'hydrophobic sandwich' in order to minimize contact of the hydrophobic leucine side chains with the surrounding aqueous environment. C: Multiple hydrophobic sandwiches assemble to form nano-fibers, driven by the formation of hydrogen bonds between adjacent peptide backbones. Figures 3B and 3C created with PyMOL Molecular Graphics System, Version 1.6 Schrödinger, LLC.
